ABSTRACT: Cutaneous leishmaniasis (CL) is a complex vector-borne disease caused by Leishmania parasites that are transmitted by the bite of several species of infected female phlebotomine sand flies. Monthly factor analysis of climatic variables indicated fundamental variables. Principal component-based regionalization was used for recognition of climatic zones using a clustering integrated method that identified five climatic zones based on factor analysis. To investigate spatial distribution of the sand fly species, the kriging method was used as an advanced geostatistical procedure in the ArcGIS modeling system that is beneficial to design measurement plans and to predict the transmission cycle in various regions of Khuzestan province, southwest of Iran. However, more than an 80% probability of P. papatasi was observed in rainy and temperate bio-climatic zones with a high potential of CL transmission. Finding P. sergenti revealed the probability of transmission and distribution patterns of a non-native vector of CL in related zones. These findings could be used as models indicating climatic zones and environmental variables connected to sand fly presence and vector distribution. Furthermore, this information is appropriate for future research efforts into the ecology of Phlebotomine sand flies and for the prevention of CL vector transmission as a public health priority. Journal of Vector Ecology 41 (1): 102-108. 2016.
INTRODUCTION
Iran is among the important foci of cutaneous leishmaniasis (CL), including 73% of CL cases reported in the world, along with Afghanistan (21%) and Syria (39%) in the region (Alvar et al. 2012) . The worldwide distribution of CL is associated with major epidemics caused by Leishmania tropica and Leishmania major that are distributed extensively in Khuzestan province, southwest of Iran (Saki and Khademvatan 2011) . The epidemiological cycle of Leishmania parasites has been identified in several sand fly species whose geographical distribution is frequently expanded in the region with diverse mammalian reservoir hosts and transmission patterns (Talmi-Franket al. 2010) . Although Phlebotomus sergenti, the main vector of CL, was found for the first time in the semiarid plains at the border of the Khuzestan province (Ebrahimi and Parvizi 2016) , the fauna associated with sand flies requires further comparative and comprehensive investigation. The distribution and the number of potential and principal vectors depends on environmental and ecological status in all urban, peri-urban and outlying foci. The establishment of sand fly populations in the vicinity of human dwellings causes increasing leishmaniasis transmission and public health concerns. After the eight-year Iraq-Iran war (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) , industrialization and urbanization not only increased the number of cases (Spotin et al. 2014) , but also finding non-native P. sergenti showed there were changes in ecoepidemiological patterns in transmission cycles and adaptation to environmental modifications. The nucleotide diversity and impressive plasticity identified in the gene pools of sand fly species occurred in response to ecological changes or landscape modifications (Ebrahimi and Parvizi 2016) . Environmental variables involved in transmission, such as rainfall, temperature, elevation, and humidity are some of important factors that correlate with sand fly distribution and are also required to design prevention and control measures. The geographic information system (GIS) is an efficient tool for analyzing spatial information for research and for studying infectious diseases and establishing sand fly distributions. Hanafi-Bojd et al. (2015) developed a model of CL vector distribution and showed over 60% probability of CL vectors (P. papatasi and P. sergenti), mainly in central Iran. The objectives of this investigation were to sample and identify all sand fly species using morphological and molecular tools, to regionalize the climatic zones using the kriging method (spatial correlation modeling), and to create the distribution pattern of the vectors using GIS ecological niche modeling.
MATERIALS AND METHODS

The collection area and identification of sand flies
Khuzestan province has an area of 63,238 km 2 and is notably heterogeneous, located between latitudes of 31°32′73″ north and 48°69′40″ east, bordering Iraq on the west, the Persian Gulf on the south, Ilam and Lorestan on the north, Chaharmahal-o Bakhtiari and Kohkilouye-o Boyer Ahmad on the east and Bushehr on the south (Figure 1 ). The Kruskal Wallis test was applied (p≤0.05), associated with the multiple comparison test (α=0.05) for sampling collection. Sampling was conducted at the peak of sand fly activity from May to late October (2012 October ( -2014 in sand fly habitats from the most susceptible biotopes to CL, including urban (human dwellings), rural, and peridomestic habitats (mountainous, vegetation fields, and animal shelters where cattle and other livestock live close to humans, and houses constructed with mud walls), and sylvatic environments (forest-dwelling, plain and desert fields at the entrance of the rodent burrows). Three CDC miniature light traps and 90 sticky oil papers were set up in three desired points (one CDC and 30 sticky papers for each district per day) before dusk until dawn during five consecutive days per month. All collected sand flies were examined for morphological characteristics of the head (pharyngeal armature and cibarium) and reproductive system (abdominal terminalia) of the male and female (process, paramere, and spermathecae) using compound microscopy (400×). The genitalia of each sand fly species were dissected and slide-mounted in Berlese fluid which were described before (Parvizi et al. 2003) .
Khuzestan province contains various townships, including the rolling hills and the mountainous regions in the north of the Ahvaz Ridge and the plains and marsh lands to the south of the Ahvaz. Furthermore, Khuzestan consists of the fraction of the forested Zagros Mountains to the northeast and comprises the Mesopotamian plain in a southeastern extension (Figure 1 ). The most well-known river, the Karun, which flows into the Karkheh and Al-Arab Rivers, has built up large alluvial fans and partially saline mud flats merging into a zone of tidal marshes close to the Persian Gulf associated with other rivers.
Model variables and climatic classification
Based on our bioclimatic variables and data of Movahedi et al. (2013) , four factors were the most weighted to be incriminated as principal factors (winter and autumn precipitation, humidity, and warm temperature). The deterministic spatial interpolation was used in GIS by the kriging method with surfer software. Ordinary and the clustering integration method to improve the accuracy of classification. The range of effective climate variables (13 climatic elements) acquired from 17 synoptic stations (daily and monthly temperature, mean annual temperature, annual and seasonal precipitation, relative humidity, and wind speed) were used as biologically meaningful variables in ecological niche modeling and to predict the potential distribution of sand fly species for each zone in Khuzestan province (Table 1) .
PCR amplification of sand fly Cyt b
After morphological characterization, confirmation of the females was performed by molecular identification, applying the Cyt b gene in closely related species. The PCR fragment was amplified as described before (Esseghir et al. 2000 , Parvizi et al. 2005 , Parvizi and Ready 2006 . The modified method of IshHorowicz was used for the extraction of total DNA from the dissected thorax and anterior abdomen of individual sand flies (Ready et al. 1991) .
RESULTS
The estimated distribution of sand fly species was based on four principal climatic elements (humidity, winter rainfall, autumn rainfall, and temperature). The effects of principal factors (n=4) on climatic variables (n=13) indicated five distinct climatic and homogenous zones using clustering analyses ( Figure 2 , Table  1 ). The southwestern area, with war-torn sites of the Khuzestan boundary (Ebrahimi and Prvizi 2016) , was identified as the first zone with low rainfall and high relative humidity with a range of 3-10 m above sea level (m.a. Numbers of sand flies a tropical rainy climate with two distinct dry and cold seasons and the three factors of temperature, precipitation, and humidity have the pivotal role in determining climatic conditions in the region.
The statistical analyses indicated that 4,803 sand flies were collected during three years (2012-2014) from five bioclimatic (BC) zones of the Khuzestan province in southwestern Iran. Eleven species of sand flies were identified (Phlebotomus: 3,754 specimens, three species and Sergentomyia: 1,049 specimens, eight species) using morphological and molecular characteristics ( Table  2 ). The data of CL vector presence (P. papatasi and P. sergenti) were imported to ArcMap that turns raw data into visualized information which can be used as a hazard map for ZCL and ACL transmission in each bioclimatic zone of Khuzestan province (Figure 3 ). In the genus Phlebotomus, P. papatasi were in all zones and abundant in spatial clusters (1,342 specimens: 87.3%) in the BC/3 zone, followed by BC/5 (764, 78.3%) and BC/2 (576, 67.6%) ( Figure 3A) . The total number of P. papatasi (3,279 specimens) collected from the peridomestic (animal shelters: 2,019, 61.6%) and sylvatic (rodent burrows: 1,260, 38.4%) habitats revealed that P. papatasi were dominant in the sites adjacent to human dwellings in almost all ecotopes of five climatic zones ( Figure 3A , Table 2 ). Also, P. sergenti was found only in the BC/1 and the BC/3 with two and four specimens (0.3% and 0.26%), respectively ( Figure 3B ).
P. alexandri were collected mainly in BC/1 (277, 59.1%) with low rainfall and high relative humidity, and in BC/3 (192, 40.9%) with humid and temperate climatic types, and nothing was found in BC/2, BC5, and BC/4 ( Figure 4A , Tables 1 and 2 ). Of 469 P. alexandri, 287 specimens (61.2%) were caught from gerbil burrows and other rodents' ecotope in sylvatic habitats, while 182 P. alexandri (38.80%) were found in peridomestic animal habitats.
We collected almost the same number of Sergentomyia genus in BC/3 and BC/2 (276 and 278), followed by the BC/5, BC/1, and the BC/4 (Table 2 ). However, Sergentomyia was more prevalent in the warm-dry zone (BC/2, 32.4%) than the other BC zones and showed a lower frequency in the humid and temperate area (BC/3, 15.3%) ( Figure 4B , Tables 1 and 2 ). The predominant species of Sergentomyia genus (S. sintoni) was widespread in distribution over all BC zones except for Behbahan and the east of Ahvaz (BC/3) districts, followed by S. baghdadis and S. antennata ( Figure  4B , Tables 1 and 2 ).
DISCUSSION
We analyzed the distribution of leishmaniasis vectors based on environmental factors (temperature, rainfall, and humidity) in five specified bioclimatic zones of southwestern Iran. The varying pattern and the spatial distribution of sand flies are crucial factors for understanding the risk of leishmaniasis transmission, human reservoirs, and vector interactions (Thomson et al. 1999 , GebreMichael et al. 2004 ). Consequently, more attention was given to the different parts of Khuzestan province and the vulnerability of its endemic areas to CL transmission. Since no correlation was observed between the number of collected sand flies and the texture of substrate soil (Feliciangeli 2004) , sampling was performed based on bioclimatic variables. The majority of wild P. papatasi were caught in the humid and temperate zone (BC/3). Phlebotomus papatasi were found in moderate annual rainfall, relatively stable humidity and temperature, more humid soils, and fair wind flow. The BC/5 zone condition was also similar to BC/3 ( Figure 3A , Table 1 ). The greatest number of P. papatasi was found at an altitude of 150 to 372 m (BC/3) (Figures 2 and 3A , Table 2 ) and the highest density was found in BC/3, BC/5, and BC/4 (10-917, m.a.s.l) near human dwellings of rural areas (Table  1) . No correlation was identified between altitude and density or the distribution of P. papatasi due to P. papatasi presence at all altitudes. The distribution of P. papatasi had a small positive (2012) (2013) (2014) .
correlation with altitude (r=0.05). The altitude cannot be merely considered as an ecological factor, but it can contribute to the distribution of sand flies with climatic changes, habitat diversity, and fragmentation. Guernaoui et al. (2006) described the effective correlation between the distribution of sand fly species and altitude. The suitable range of monthly temperatures for P. papatasi was reported to be 16-44º C in the Middle East (Cross et al. 1996 ) and 3.6-26.5º C in Iran (Hanafi-Bojd et al. 2015) . In the endemic CL foci of Tunisia, P. papatasi was found to be more abundant in the arid Saharan desert but rare in the humid semiarid bioclimatic zones (Chelbi et al. 2009 ). In Iran, the average temperature of the wettest quarter and the seasonal precipitation were the most effective factors for the prediction of P. papatasi distribution (Hanafi-Bojd et al. 2015) . This study revealed that the extended rainy season, high humidity, and temperate climate (BC/4, BC/5 and BC/3: 3.1-48.3º C) have the most fundamental roles in maintaining favorable habitats available to P. papatasi (77-87%) (Figure 1 , Tables 1 and 2 ).
Unlike P. alexandri and P. papatasi that were likely to appear in urban areas of the Middle East, our data based on GIS and factor analyses indicated the spatial correlation of P. papatasi and P. alexandri in rural areas near human inhabitants. It can be partly as a result of sampling bias for the collection of phlebotomines, because we tried to investigate more in remote less developed areas where people did not have easy access to primary health care. Since P. alexandri and P. sergenti are anthropophilic, it is possible that their feeding behavior and relationship to humans drove these species to urban areas. In mountainous areas, the density of sand flies was decreased and restricted to places with sporadic cottage houses or stables.
Plebotomus alexandri were abundant only in sylvatic biotopes, particularly at the entrance of rodent burrows (BC/1: 42.8% and BC/3: 12.5%). Therefore the relative humidity, moderate rain-fall and the average range of summer temperatures (35-49° C) could be three important climatic factors for P. alexandri. Whereas the distribution of P. alexandri has been reported at elevations ranging from sea level to 1,500 (m.a.s.l) (Maroli et al. 2001 , Kamal et al. 2003 , we similarly found P. alexandri species mostly on the coastal plains of Abadan and Khorramshahr and also inland plateaus of Dashte-Azadegan (BC/1), ranging from sea level to 10 m.a.s.l and less in Behbahan and Masjed-Soleiman (BC/3) at elevations of 325-327 m.a.s.l (Figures 2, 4A) .
Finding the low number of P. sergenti as the permissive vector of L. tropica in the BC/1 and the BC/3 revealed the presence of non-native species in the region. Spotin et al. (2014) isolated L. tropica from patient ulcers in BC/1 (Dashte-Azadegan). Plebotomus sergenti were collected at elevations of 40-2,232 m.a.s.l in Iran (Hanafi-Bojd et al. 2015) , 2,000 m.a.s.l in Saudi Arabia (Al-Zahrani et al. 1988 ) and 500-1,600 m.a.s.l in Turkey (Simsek et al. 2007) . Nonetheless, six specimens of P. sergenti were found at an altitude of 3-10 and 325 m.a.s.l from the crevices of boulder walls of animal shelters BC/1and BC/3, respectively (Table 2) . Perhaps the non-native species of P. sergenti acquired the capacity to adapt its fitness to the environmental changes and/or landscape fragmentation due to human interventions.
Interestingly, similar to what has been observed by other researchers (Moncaz et al. 2014 Table 2 . Different habitats of Phlebotomine sand flies and their ecological niche by confirming some sand fly species using molecular characteristics.
were trapped by sticky papers in peridomestic and plain field areas at the entrance of rodent burrows characterized by sandy clay loam soil ( Table 2) . Analysis of the blood meals from different engorged Sergentomyia species highlight the opportunistic feeding behavior of this genus on a specific range of vertebrate hosts, mainly from the rodents and reptiles and less from the cattle (e.g., cows, goats, sheep and chickens). Most species of Sergentomyia, like S. sintoni, S. dentate, and S. baghdadis, preferred to occupy subterranean habitats and to stay in reptile and rodent burrows due to the warm temperatures of Khuzestan Province, hence, they do not have a need to obtain nutrition by blood feeding from human habitats. Sergentomyia species were most varied in all BC/zones. Interestingly, Sergentomyia spp. were caught mostly in the open field of warm and dry (BC/2) zones (Figures 2, 4B) where their habitats were exposed to sun and introduced the hot and dry environments for sand fly larvae (Moncaz et al. 2014) . Because of long flying distances between rodent burrows and human places or short flying distances of sand flies (about 1.5 km), Sergentomyia spp. have a reduced chance of success for arriving at human habitats. As a result, most species of Sergentomyia have been rarely captured in human habitats (Table 2) .
We conclude that in spite of the eight-year Iraq-Iran war and landscape fragmentation, the main vectors of leishmaniasis (P. papatasi, P. alexandri, and the newly detected non-native P. sergenti) and Sergentomyia species exhibited their ability to adapt to gradual changes in degraded environments of rural and urban areas. More ecological analyses using GIS modeling need to be carried out to get a better understanding of the relationship between wild-caught sand flies and the different areas of CL foci.
